We present an analytical formula for the Bose-Einstein correlations (BEC) which includes effects of both Coulomb and strong final state interactions (FSI). It was obtained by using Coulomb wave function together with the scattering partial wave amplitude of the strong interactions describing data on the s-wave phase shift. We have proved numerically that this method is equivalent to solving Schrödinger equation with Coulomb and the s-wave strong interaction potentials. As an application we have analysed, using our formula which includes the degree of coherence and the long range correlation, the data for e + e − annihilations.
Introduction
Very recently several analytical expressions for the final state interaction (FSI) corrections to Bose-Einstein correlations (BEC) due to Coulomb interaction have been presented in [1, 2] (see also [3, 4] ). On the other hand it is also well known that there exists FSI due to the strong interactions between identical pions [5, 6, 7] . In order to treat both the FSI of the Coulomb type and those emerging from the strong interactions at the same time, one has to solve Schrödinger equation with the corresponding Coulomb and strong potentials. Such study has been made by Pratt et al. [8] 1 . However, in approach of [8] it is difficult to elucidate the physical meaning of the degree of coherence parameter introduced in various analyses of data on the BEC (see below).
In this paper we consider this problem using different approach from that of [8] .
Our aim will be to obtain an analytical formula for the BEC which would include also FSI caused by both Coulomb and strong interactions. Comparing our results with those of [8] we prove numerically that both methods are equivalent. The data of the BEC in e + e − annihilation by TPC, AMY, OPAL ALEPH and DELPHI Collaborations [20, 21, 22, 23, 24] are then analysed using our formula. Finally concluding remarks are presented.
2 Phase shift and wave function of identical π-π scattering Let us first consider the Coulomb wave function of the identical π-π scattering with momenta p 1 and p 2 [12, 13] :
Here F denotes the confluent hypergeometric function and
In numerical calculations of the hypergeometric function appearing in (1) wild (oscillating) behavior emerges when kr becomes large. To avoid the computational problem in this asymptotic region, we use there the following asymptotic formula of the Coulomb wave function:
where z = r cos θ and the scattering amplitude f (θ) is given as follows:
The asymptotic formula for an s-wave component of the Coulomb wave function is obtained in the similar way [13] :
As the next step let us consider the strong interaction provided in terms of the phase shift in the identical π-π scattering. The data for the s-wave (I = 2) phase shift reported in [14] - [19] can be described phenomenologically by the following formula [5] :
where parameter a 0 ( -1.5 ≤ a 0 ≤ -0.7 (GeV −1 ) ) denotes the scattering length.
Finally, using (4), the scattering s-wave function induced by strong interaction is expressed as:
It should be noticed here (cf. Fig. 1(a) ) that in addition to (5) we need one more π-π scattering wave function, which would reasonably describe the strong interaction in the small kr region. Of course Coulomb potential affects both regions, cf. an "unknown box"
in Fig.1(a) . To obtain a wave function suitable for that box we use the following assumption proposed by Bowler [6] 2 : We assume that the wave function given by (5) with a renormalization provided by the square root of the Gamow factor can be interpolated into the internal region. This is attributed to the normalization of the Coulomb wave function which is given by the following factor:
For the asymptotic region we use the following expression:
whereas for the region described by the exact Coulomb wave function the following wave function is used instead:
As seen in Fig.1(b) , there is smooth connection between both regions. The usefulness of this assumption will show up in Section 4.
2 Cf. also [7] where the plane wave and the data of the s-wave phase shift of identical π-π scattering were used. In the present calculation we have to use the Coulomb wave function instead of the plane wave.
Formulation of BEC
To describe a pair of the identical bosons, we have to symmetrize the total wave function in the following way:
where superscript S denotes the symmetrization of the wave function. The function Φ st (k, r) stands for the wave function induced by strong interactions. Assuming a source function ρ(r) we obtain the following expression for the BEC including the FSI:
where
In this paper N (±±) /N BG stands for the ratio of pairs of identical charged bosons in a single event to those from different events. Whenever the data are corrected by the Gamow factor the final formula should also be divided by the Gamow factor. In numerical computations we have to assume explicitly some forms of the source function. In present calculation we use the gaussian source function: ρ(r) = (
2β 2 ). Therefore the Fourier transform of the source function is given as follows:
4 Comparisons of our results with those of Pratt et al.
Authors of [8] have presented their results for the BEC with interaction ranges β = 2 fm and β = 20 fm (corresponding to R in their notation) by solving the following Schrödinger
where µ = m/2, x = µr, K GeV) we obtain in the Born approximation the scattering length a 0 = -0.8 ∼ -0.6 GeV −1 .
In the actual analyses we have to introduce a cutoff parameter in the small Q region.
Since in many cases there are no data, or available data have large error bars due to limits of momentum resolutions, analyses of data do not critically depend of this cutoff parameter.
5 Analyses of data in e
As stressed in Sec.1, we want to elucidate the physical meaning of the degree of coherence.
The parameter λ describing it should be therefore introduced into (9) in the usual way.
Moreover, notice that two more parameters: the additional normalization factor c and the long range correlation parameter γ are also introduced by hand. Our final formula containing all these parameters is thus given as:
It should be noted that the normalization c and an effective degree of coherence, i.e., the denominator of the ratio E 2B /(1 + ∆ 1C + ∆ EC + I Cst + I st ), are related to each other.
For the sake of reference we use in our analyses also the conventional formula (i.e., the standard formula without corrections due to the FSI):
We apply our formulae to data for e + e − annihilation provided by [20] - [24] . Results of our analyses performed by means of (15) and (16) are shown in Fig. 3 and Table I . 3 As seen in Table I , estimated values of the degree of coherence parameter λ are systematically larger (approaching unity) when (15) is used than those obtained by the standard formula (16) .
On the other hand, estimated values of the long range correlation parameter γ approach approximately zero when (15) is used (except for the result found in present analysis of data by AMY collaboration).
Finally please notice that reported values in [20] - [24] are obtained by the following formula:
To compare our estimated values with various reported ones, we have to use a relation,
, because of the different method of integrations. In Table I 
Concluding remarks
We obtain analytic formula (9) for BEC including the Coulombic and strong FSI. It is (numerically) confirmed that our method is equivalent to solving the Schrödinger equation (14) .
Combining the seamless fitting method [2] and the CERN MINUIT program in (15) we have analysed data for BEC in e + e − annihilations. Our results are significantly different from those obtained by the standard formula (16) . Namely, it is found that the degree of coherence parameter λ and the long range correlation parameter γ approaches approximately unity and zero, respectively (see Table I ). Therefore, we conclude that the physical meanings of the fractional degree of coherence parameter λ and the long range correlation parameter γ as obtained by the standard formula (16) [20] by (15) and (16).
(b) The same as (a) but for data of AMY Collaboration [21] . (The point at the smallest value of Q is neglected in analysis by means of (15).).
(c) The same as (a) but data of OPAL Collaboration [22] .
(d) The same as (a) but data of ALEPH Collaboration [23] .
(e) The same as (a) but data of DELPHI Collaboration [24] . Table Caption   Table I . Analyses of data of the BEC by TPC, AMY, OPAL, ALEPH and DELPHI Collaborations; a 0 =-1.00 GeV 
